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SUMMARY 

An investigation was conducted in the 8- by 6-foot supersonic wind 
tunnel 'to determine the effects of free-stream Mach number on the gross - 
force and piimping characteristics of several ejectors. This investiga- 
tion was conducted at free-stream Mach numbers of 0.10, 0.63, and 1.50 
and in quiescent air over a primary-nozzle pressure-ratio range of 2 to 
10, secondary -to-primary weight-flow ratios to 0.43, and at primary gas 
temperatures from 540° to 2000° R. 

Results of this investigation indicated that both ejector gross 
force and secondary-to-primary total. -pressure ratio were reduced when 
the external stream was changed from subsonic to a supersonic value 
of 1.50 as a result of overexpansion of the primary jet associated with 
off -design operation of these ejectors. The magnitude of this effect 
was reduced by increasing both pressure ratio and secondary weight flow. 


INTRODUCTION 

Many experimental investigations have been conducted to evsiluate 
ejector performance (refs. 1 to 4); however, the majority of these data 
are limited to tests in quiescent air and do not include any information 
on the effect of the external stream. Therefore, the MCA Lewis labor- 
atory is conducting a program to determine the effects of free-stream 
Mach number on both ejector gross -force and punping characteristics. 

The gross-force and punping characteristics of a series of ejectors, 
suitable for installation on a proposed supersonic aircraft, have been 
presented in reference 5 with the primary nozzle in the simulated 
afterburner-on position. The tests were conducted at free-stream Mach 
mambers from 0.1 to 1.9 over a range of primary pressure ratio and 
secondary weight flow. Results of this investigation Indicated that 
free-stream Mach nimiber had no effect on the gross -force and punping 
characteristics of the ejectors. However, the range of diameter ratio 
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Dg/Dp for these ejectors was siifficiently low that the primary jet was 
not greatly overexpanded and that the secondary flow choked over the 
pressure-ratio range investigated at supersonic free-streajn conditions. 

In the present report, with the primary nozzle in the afterbumer- 
off position, the resulting diameter ratios are of such order that the 
primary jet would be greatly overexpanded if it filled the secondary 
passage and that the secondary flow, in most cases, would be unchoked 
over the pressure-ratio range investigated. The tests were conducted at 
free -stream Mach numbers from zero to 1.5 over a range of primary pres- 
sure ratio and secondary weight flow. At subsonic speeds, the data are 
representative of realistic operating conditions of the fixed-shroud 
ejector. However, at supersonic speeds, the nozzle would us\ially con- 
form to the afterbiimer-on condition (ref. 5). The data presented herein 
at supersonic speeds, however, assume physical significance if afterbiimer- 
off deceleration is being considered. In addition, these data may be 
applied to the problem of ejector nozzles designed for Mach n\mibers 
greater than 1.5, but operating at lower supersonic speeds without geom- 
etry changes . 


SIMBOI£ 

The following symbols are used in this report and some are shown 
in the following sketch: 


Mq .. 

Po 
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A 

Cp 

D 

®s/Dp 

Fe 

M 

P 


P 


S 

S/Dp 

T 



area, sq in. 

thrust coefficient, ratio of measured jet thrust to thrust 
available with isentropic flow in convergent nozzle 

discharge coefficient, ratio of measured mass flow to isen- 
tropic mass flow 

exit diameter, in . 

diameter ratio 

gross force, lb 

jet thrust, lb 

Mach number 

total pressure, Ib/sq ft 
static pressure, Ib/sq ft 

spacing, distance from primary exit to shroud exit, in. 

spacing ratio 

total teniperature , °R 

weight flow, Ib/sec 

corrected weight -flow ratio 

ratio of specific heats 


Subscripts : 
e ejector 

j jet 

p primary nozzle 

s secondary shroud 


0 


free stream 
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APPARATUS AND PROCEDURE 
Installation 

A schematic diagram, and a photograph of the exit model installed in 
the 8- by 6-foot supersonic wind t\mnel are presented in figures l(a) • 
and (b), respectively. Air, which was preheated to 250° F, was intro- 
duced into the model through two hollow support struts. A detailed 
discussion of the general model installation in the tunnel is presented 
in reference 6. 

The quiescent-air test rig was located in the lower balance chamber 
of the 8- by 6-foot t\mnel. The primary-nozzle pressure-ratio range was 
obtained by supplying the model with high-pressure air as described in 
reference 6 and by lowering the ambient pressure of the balance chamber 
by means of exhausters . A photograph of the quiescent-air test rig is 
presented in figure 2. 

A schematic diagram. of the model showing pertinent external model 
stations and internal details is presented in figure 3. The external 
shrouds investigated were mounted at station 70.61. The collar shown 
simulated the mechanism for varying the nozzle-throat area. 


Ejector Configurations 

Sketches and pertinent dimensions of the ejectors Investigated are 
presented in figure 4 together with tables of the internal contour coor- 
dinates of the shrouds. The primary nozzle, which was the same for all 
the shroud configurations investigated, had a throat diameter of 2.82 
inches, simulating the afterbumer-off case. 

The ejector configurations are designated by two numbers: the 

first number, designates diameter ratio, and the second muaber designates 
spacing ratio. For example, the basic configuration (l.97-0) had a 
diameter ratio I^s/Dp of 1.97 and a spacing ratio S/Dp of zero. 

Ejectors 1.72-0.76 and 1.97-0 were obtained by cutting back the 
shroud of ejector 1.54-1.11. In this manner, the diameter ratio in- 
creased as the spacing ratio decreased. Ejector 1.54-0.55 had the same 
diameter ratio as ejector 1.54-1.11; however, the spacing was reduced 
approximately one-half resulting in a larger boattail angle. Ejector 
1.54-1. US was identical to ejector 1.54-1.11 except that s imu lated 
stiffener rings were installed on the inside of the shroud as shown in 
figure 4(e). 
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Data Reduction 

The method of force measiorements and the reduction of these data are 
described in detail in reference 5. Total weight flow to the model was 
obtained from the sharp-edged orifice shown in figure l(a) ajid from ro- 
tameters that measixred preheater and main combustor fuel flow. Primary- 
nozzle weight flow Wp was then calculated by subtracting the calibrated 
secondary weight flow Wg from the total weight flow. Primary-nozzle 
total pressiire Pp . was obtained from a static presstire measured at model 
station 70.16 and the calibrated value of discharge coefficient C^. 
Primary-nozzle total temperature Tp was then obtained from continuity 
relations where total pressxire, weight flow, and discharge coefficient 
were known. 


RESULTS AND DISCUSSION 

Effect of Heat Addition on Primary-Nozzle Performance 

The calibrated jet thrust of the primary nozzle alone, with and 
without heat addition, is presented in figure 5. Part of these data 
were obtained’ in quiescent air and part in the wind tunnel. The calcu- 
lated thrust of an ideal convergent nozzle is also presented in figure 5 
to compare with the measirred thrusts. This ideal thrust was computed by 
assuming a ratio of specific heats r of 1.40 and a nozzle discharge 
coefficient Cf of 1.0. The difference between the mea.sured and calcu- 
lated jet thrust of the pr:imary nozzle without heat addition (fig. 5(a)) 
can be accounted for by the 0.94 value of discharge coefficient that was 
obtained for this nozzle over the range of primary pressure and weight- 

flow ratios investigated (fig. 6). The indicated 5^-percent decrease in 

jet thrust between the cold- and hot-flow data (fig. 5(b)) is not be- 
lieved to be physically realistic; the decrease probably resulted pri- 
marily from plotting the measured thrust data at calculated values of 
pressiire ratio Pp/Po higher than those actiially existing at the nozzle- 
exit station. This error in pressure ratio is presumed to arise from 
the method of computing primary -nozzle total pressure Pp. As was ex- 
plained in APPARATUS AND PROCEDURE, nozzle total pressiure was computed 
on the basis of the measured static pressure at the nozzle entrance and 
woiild not include any loss in total pressure arising from delayed com- 
bustion between this station and the nozzle-exit station. However, small 
decreases in thrust may have occiirred from combustion- induced nonuniform 
velocity profiles in the primary stream and from changes in gas specific 
heats associated with the change in gas ten 5 »erature and chemical 
composition. 
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Effect of Heat Addition on Ejector Jet Thrust 

The difference in ejector jet thrust with and without heat addition 
(fig. 7) was of the same order as the difference in primary-nozzle jet 
thrust (fig. 5(b)). Therefore, the ratios of ejector to primary-nozzle 
jet thrust with and without heat addition (fig. 8) were nearly identical. 
Data are presented for only one ejector; however, similar results were 
obtained for several of the other ejectors investigated. The ratio of 
secondary to primary total pressxire PsAp essentially unaffected 

by the addition of heat, as is also illustrated in figure 8. The re- 
maining data in this report were obtained with heat addition, so the 
ejector forces are presented in terms of the calibrated jet thrust Pj^p 
obtained with heat addition. 


Effect of Free-Stream Mach Nimiber on Ejector Performance 

Without secondary flow. - Only the configuration having zero shroud 
length (1.97-0) ^s investigated with no secondary flow. This config- 
uration was equivalent to a convergent nozzle surrounded by a blunt 
ar innl H. T* base. Small-scale investigations of jet effects on the base 
pressures of such nozzle-body combinations have been reported in refer- 
ences 7 and 8 for subsonic and supersonic speeds, respectively. The 
values reported herein (fig. 9) are in general agreement with those of 
the referenced reports, as indicated by the estimated base pressures. 

In maVing the estimates, it was necessary to extrapolate the data at 
supersonic speeds to a Mach number of 1.50. No correction. was made to 
account for the differences in boattail profile. For the subsonic case, 
base pressures at a Mach number of 0.90 were assimied equal to those at 
0.63. At subsonic speeds, the jet aspirated the annular base pressiare 
slightly below ambient pressure for the range of primary-nozzle pressure 
ratio considered. At a Mach number of 1.50, the base pressures were 
below the no-jet value for the press\ire-ratio range covered and increased 
with increasing values of pressure ratio as discussed in reference 8. 

The jet thrust values were unaffected by the external stream. 

With secondary flow. - The experimental pumping and gross force 
data obtained in the wind tunnel for the five ejector configurations 
with secondary flow axe presented in figures 10 to 12 for free-stream 
Mach nunibers of 0.10, 0.63, and 1.50, respectively. The gross ejector 
force Fg for any configuration consists of its jet thrust minus ex- 
ternal drag plus the jet-off drag of the basic configuration (l.97-0). 
Thus, the gross ejector force for any given configuration consists of 
its jet thrust, the change in external drag due to the jet exhaust, and 
any difference in jet-off external drag between it and the basic config- 
uration. Such a parameter permits a comparison of the configurations on 
an over-al.1 basis. 
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Cross plots of these data together with data obtained in quiescent 
air are presented in figure 13 for three configurations to illustrate 
the free-stream effect with secondary flow. It should be pointed out 
that data points are shown only to distinguish between free-stream Mach 
nuniber since the curves represent interpolated values. 

Both ejector gross-force ratio and secondary-to-primary total- 
pressure ratio were consistently lower for Ifech number 1.50 than for 
quiescent air for all configurations. The decrease in ejector gross 
force at Mach nimiber 1.50 was caused by the reduction of pressure at the 
exit of the secondary passage associated with a supersonic stream and by 
overexpansion of the primary jet resulting from off -design operation of 
these ejectors . The total -pressirre ratio was lower at a Mach nimiber of 
1.50 even when the secondary-flow passage was chokedj that is, when the 
secondary-to-primary total -pressxire ratio remained constant with in- 
creasing values of primary-nozzle pressure ratio. A possible explana- 
tion for this phenomenon can be seen by referring to the static -pressure 
plot and the sketch in figure 9. For a given primary -nozzle pressiore 
ratio, the local static pressure in region 2 is lower for a supersonic 
stream than in quiescent air or a subsonic stream because of the expan- 
sion around the shroud exit. Thus, for choking of the secondary passage 
(Ps/p 2 = 1.893), the level of Pg would depend on the level of P 2 and 
would therefore be lower for the case of a supersonic stream than for the 
case with quiescent air. 


Ejector Characteristics 

Ejector characteristics for all five configurations investigated 
are presented in figure 14 to illustrate the effect of primary -nozzle 
pressure ratio on gross force and secondary-to-primary total -pressure 
ratio for constant values of secondary weight-flow ratio. A ccmparison 
of the gross-force and pvimping characteristics for Mach numbers of 0.10 
and 0.63 suggests the possibility of a Mach number effect, although the 
magnitude of the effect is small compared with that at a Mach number of 
1.50. 

The relatively large thrust losses at a primary-nozzle pressure 
ratio of 2.0 and low weight-flow ratios probably resulted from over- 
e^qpansion of the primary stream, as was discussed in reference 1. As 
pointed out in references 1, 9, and 10, this effect was lessened by the 
addition of secondaiy weight flow. It is also apparent that the addi- 
tion of secondary flow lessened the effect of the external supersonic 
stream. 

A comparison of figures 14(d) and (e) indicates the effect on 
ejector performance of adding stiffener rings on the inside of the exit 
shroud. There is essentially no effect on pumping characteristics, as 
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was also concluded in reference 5. The ejector gross -force ratios were 
nearly equal for Mach numbers of 0.10 and 0.63, but the stiffener rings 
caused a reduction in gross force at a Mach number of 1.50, particularly 
at the higher values of primary-nozzle pressure ratio where the jet 
probably interacted with the rings. The results of reference 5 indi- 
cated that, for the simxilated afterbumer-on condition, addition of 
stiffener rings had no effect on gross force. 


Effect of Cutting Back the Shroud on Ejector Performance 

As shown by the sketch in figure 15, ejector 1.72-0.76 and 1.97-0 
resulted from cutting back the shroud of ejector 1.54-1.11 along its 
contour. In this manner, the diameter ratio increased as the spacing 
ratio decreased. The ejector gross-force data, obtained from cross 
plots of figure 14, are presented for a low and high value of primary- 
nozzle pressure ratio at constant values of weight-flow ratio. 

For primaiy pressure ratios of 3.0 and 7.0, the point of optimum 
gross force shifted to a lower value of spacing ratio as weight-flow 
ratio increased; however, for comparable values of weight-flow ratio, 
the optimum point shifted to a higher value of spacing ratio as primary- 
nozzle pressure ratio increased. 

For a primary-nozzle pressure ratio of 3.0 (fig. 16(a)), cutting 
back the shroud has little effect on pumping except at the higher values, 
of secondary weight flow. For weight -flow ratios of 0.25 and 0.35, the 
pumping is optimum for values of spacing ratio of 0.5 and 0.6, respec- 
tively. For a primary-nozzle pressure ratio of 7.0 (fig. 16(b)), the 
pumping is optimum for values of spacing ratio between 0.20 and 0.60, 
depending on weight -flow ratio. The shift of the optimimi point to 
hi^er values of spacing ratio with increases in weight -flow ratio is 
evident at both values of primary-nozzle pressure ratio. 

The results of figures 15 and 16 indicate that, from both a gross 
force and pumping consideration, ejector 1.72-0.76 would generally be 
superior to ejectors 1.54-1.11 and 1.97-0. This was true for both the 
realistic subsonic case and the off -design case at a Mach number of 1.50 • 
where the diameter ratios of these ejectors were too large for the 
available primary-nozzle pressure ratios. It is interesting to note 
that in the afterbumer-on condition (ref. 5) this same ejector shroud 
proved to be one of the optimum configurations. 


Effect of Spacing Ratio on Ejector Performance 

As shown on the sketch in figure 17, ejector 1.54-0.55 had the same 
diameter ratio as ejector 1.54-1.11, but the spacing was reduced approx- 
imately one-half by boattailing. For a primary-nozzle pressure ratio of 
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3.0 (fig. 17(a)), optimum gross force would be obtained for a spacing 
ratio less than 0.55. At a primary-nozzle pressure ratio of 7.0, the 
optimum gross force occurs at a spacing ratio greater than 1.3J.. For 
the two configurations investigated, spacing ratio had little effect on 
the pumping characteristics, as illustrated in figure 18. 

A comparison of results between figures 18 and 16 wotild indicate 
that diameter ratio has mors effect on puinping than spacing ratio. This 
conclusion was also pointed out in the results of reference 5, for 
exanple . < 


SUMMARY OF RESULTS 

The following results were obtained from an investigation of several 
ejectors with the primary nozzle in the simulated afterb\imer-off posi- 
tion. The investigation was conducted at free-stream Mach numbers of 

0.10, 0.63, and 1.50 and in quiescent air over a range of primary -nozzle 
pressxire ratio and secondary weight flow at primary gas temperatures from 
540° to 2000° R. 

1. At a given value of primary -nozzle pressure ratio and secondary 
weight-flow ratio, both ejector gross force and secondary-to-primary 
total -pres sure' ratio decreased when the free-stream Nfeich number was 
changed from a subsonic value to a supersonic value of 1.50. This der 
crease resxalted from overexpansion of the primary jet associated with 
off -design operation of these ejectors. This Mach number effect de- 
creased with increasing values of both primary-nozZle pressure ratio and 
secondary weight flow. 

2. Of a.1 1 the configurations investigated, ejector 1.72-0.76 ap- 
peared to be the best from both a gross-force and a pimping standpoint. 
This was true both subsonically and at off -design operation at a Mach 
mmiber of 1.50. 


Lewis Fli^t Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, December 1, 1954 
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Figure 1. - Model installation in 8- by 6-foot supersonic wind tunnel. 
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Figur© 1. - Concludsd . Mod©l installation in 8-by G-foot supersonic wind tunnel. 



MCA EM E54K23a 


13 



Figure 2. - Quiescent-air test rig 









(b) Ejector 1.54-0.55. 

Figure 4. - Ejector configurations (all dimensions in Inches). 
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Primary- nozzle pressure ratio, Pp/Po 
(a) Primary gas temperature, T^, 540^ R. 


Figure 5, - Jet- thrust performance of 2 .82- inch-diameter conical primary 
nozzle. 
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Primary-nozzle pressure ratio, 

(b) Primary gas temperature, Tp, 


P /Vr. 

p' ^0 

1000 ° 


to 2000° 


10 


R. 


Figure 5. - Concluded. Jet-thrust performance of 2 .82 -inch- diameter 
conical primary nozzle. 



1.97-0 

1.54-1.11 






Ejector Jet- thrust parameter, 
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(a) Primary- nozzle pressiire ratio, 2.6. ("b) Primary- nozzle pressxire ratio, 3.0. (c) Primary- nozzle pressure ratio, 5.0. 


Primary- nozzle jet-thrust parameter^ F. /p^ Base pressure ratiO; Pg/pQ 
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Figure 9. - Effect of free-stream Mach niunber on primary-nozzle Jet 
thrust and base pressure' of ejector 1.97-0. No secondary flow. 
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Figure 10. - Ejector pumping and gross-force characteristics. Pree-stream Mach number, 0.10. 
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(a) PriTTiary-nozzle pressure ratio, 2.60. (b) Primary-nozzle pressure ratio, 3.10, (c) Primary-nozzle pressure ratio, 3.60. 

Figure 11, - Ejector pumping and gross-force characteristics. Free-stream Mach number, 0.63. 



(a) Primary-nozzle pressure ratio, 4.85. (b) Primary-nozzle pressure ratio, 6.90. (c) Primary-nozzle pressure ratio, 8.75 
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Primary- nozzle pressure ratio. 




(b) Ejector 1.54-0.55, 


Figure 13. - Continued. Comparison of quiescent-air and tunnel 
experimental data. Corrected weight-flov ratio, 0.05. 
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(c) Ejector 1.54-1. IIS. 


Figure 13. - Concluded. Comparison of quiescent-air and tunnel 
experimental data. Corrected weight-flow ratio, 0.05. 



Ejector gross-force ratio, F^/f. Secondary- to- primary total-pressure 
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Primary-nozzle pressure ratio. 


V^o 


(a) Ejector 1.97-0. 


Figure 14. - Effect of primary- nozzle pressure ratio and 
free-stream Mach number on ejector gross-force ratio and 
pumping characteristics. 


















Ejector gross-force ratio^ 
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(a) Primary- nozzle pressure ratio, 3.0; subsonic Mach number. 



(b) Primary- nozzle pressure ratio, 7.0; Mach number, 1.5. 


Figure 15. - Effect of shroud length on ejector gross-force ratio. 



















Secondary-to-primary total-pressiare ratio, 
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Corrected weight- 
flow ratio, 
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(a) Primary-nozzle pressure ratio, 3.0; subsonic Mach number 



0 . 4.8 1.2 
Spacing ratio, S/D^ 

(b) Primary-nozzle pressure ratio, 7.0; Mach number, 1.5. 

Figure 18. - Effect of spacing ratio on ejector pumping char- 
acteristics. Diameter ratio, 1.54. 
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